Abstract. The far western Aleutian Island Arc is actively colliding with Kamchatka. Westward motion of the Aleutian Arc is brought about by the tangential relative motion of the Pacific plate transferred to major, right-lateral shear zones north and south of the arc. Early geologic mapping of Cape Kamchatka (a promontory of Kamchatka along strike with the Aleutian Arc) revealed many similarities to the geology of the Aleutian Islands. Later studies support the notion that Cape Kamchatka is the farthest west Aleutian "island" and that i L has been accreted to Kamchatka by the process of arc-continent collision. Deformation associated with the collision onshore Kamchatka includes gravimetrically determined crustal thickening and formation of a narrow thrust belt of intensely deformed rucks directly west of Cape Kamchatka. The trend of the thrust faults is concave toward the collision zone, indicating a radial distribution of maximum horizontal compressive stress. Offshore, major crustal faults trend either oblique to the Kamchatka margin or parallel to major Aleutian shear zones. These offshore faults are complex, accommodating both strikeslip and thrust displacements as documented by focal mechtmisms and seismic reflection data' Earthquake activity is much higher in the offshore region within a zone bounded to the north by the northernmost Aleutian shear zone and to the west by an apparent aseismic front. Analysis of focal mechanisms in the region indicate that the present-day arc-continent "contact zone" is located directly east of Cape Kamchatka. In modeling the dynamics of the coiiision zone using thin viscous sheet theory, the rhealogical parameters are only partially constrained to values of n (the effective power law exponent) 2 3 and Ar (the Argand number) <s 30. These values are consistent with a fnrcarc thermal profile of Kamchatka, previously determined from heat flow modeling. The thin viscous sheet modeling also indicates that onshore thrust faulting is a consequence, not only of compressive stresses resulting from the west directed collision, but also of sediment-induced coupling of the subducting Pacific plate.
Introduction
The intersection between the Kamchatka subduction zone and the Aleutian Arc" is commonly thought to be a passive juncture; however, recent studies have shown that plate boundary processes are causing the Aleutian Arc to collide end on with Kamchatka [Watson and Fujita, 1985; Zinkevich et el., 1985; Scholl et at., 1989 ; Zonenshain n at., 1990, Baranov el at., This paper is not subject to U.S. copyright. Published in 1994 by the American Geophysical Union
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19911, The orientation of Pacific plate convergence with the Aleutian An' ranges from subnormal near the Alaska Peninsula to tangential at the westernmost end ( Figure I ). Distributed shear across the Aleutian Arc results in westward movement of arc rucks and subsequent collision with the Kamchatka. In addition to these kinematic inferences, other authors [Markov et oil., 196% Watson and Fujifa, 1985 ; Zinkevich ei al., 1985; Geist el id, 19941 have noted previously that Cape Kamchatka is both structurally and stratigraphically more akin to the Aleutian Arc than to the rest of Kamchatka. Thus Cape Kamchatka appears to be the westernmost Aleutian "island and is actively being accreted to the Kamchatka mainland.
Over the past decade a considerable amount of Russian geophysical data has been collected in the region where the Kamchatka and Aleutian Arc intersect. In 1981 the R/V Vulkanolog conducted an offshore seismic survey of the Kamchatka-Aleutian region [Seliverstov. 1984, 19871 that complemented earlier surveys of the Kamchatka margin [Buffington, 1973; Gnibidenko era!., 1983) . These data provide crucial information about offshore structural trends, especially south of the Aleutian Arc. North of the Aleutian An, singlechannel seismic reflection data collected by the R N Vulkanolns and R/V Dmitry Mendeleev in 1988 and multichannel data collected by the Northwestern Pacific Geological Prospecting Expedition from 1980-1986 have detailed the style and timing of spreading within the Komandorsky Basin [e.g., Muwrov el al., 1989; Baranov el at., 19911 . In addition to the seismic reflection experiments, earthquake focal mechanism studies of the Kamchatka-Aleutian region by Zobin [IWOa, b, c, 19911 and Zobin el a/. [I9901 and numerous seismicity studies, for example, Fedotov ef a/. [1988, 19901, complement Smirnov and Sugrobov [1980, 19821, Smirmv et at. [1992] , and Sugrobov and Yaiwvsky [19931. Finally, recent paleomagnetic studies have revealed that exotic, Late Cretaceous rocks exposed along the eastern margin of Kamchatka originated hundreds of kilometers to the south of their present position [Kovulenko, 1990 Bwhemv eial.. 1992 Heiphetittd., 19941. In our study we present further stmctura! evidence and results from earthquake studies that the Aleutian Arc is actively colliding with Kamchatka. More importantly, we use the available geological and geophysical data to analyze the deformation that accompanies the arc-continent collision. Specifically, we document a zone of compressional deformation directly ahead of the collision zone and adjacent zones strike-slip faulting to the north and south, much like the collision between Australia and the Banda island arc [McCaffrey and Abcrs, 19931, To understand the dynamics of the collision, we make use of the thin viscous sheet modeling technique. Comparison of model results to the observed deformation provides constmints for the boundary conditions and rheological parameters. The optimal rheology is then interpreted in terms of the first-order temperature structure, determined from heat flow modeling and average strength of the lithosphere in the region.
Tectonic Setting
In the region of the Kamchatka-Aleutian Arc juncture the Pacific plate is moving 79 km1m.y. in a northwest direction toward Kamchatka and parallel to the trend of the far western Aleutian Arc [DeMets et al., 19901 . The physiography of the Pacific plate includes the northernmost sector of the HawaiianEmperor seamount chain. Near the Aleutian Arc there is a counterclockwise bend in the seamount chain such that it is oriented subnormal to the Kamchatka Trench and approximately parallel to the direction of convergence [Sckoli et at, 19771 . The sector of the seamount chain north of the bend is termed the Obmchev Swell, which includes Meiji Guyot (Figure 2 ). Meiji Guyot is flanked to the north by a large thickness of sediment (up to 1.8 km [Schffi! et aL 197711, which we speculate may increase sediment-induced coupling of the northernmost part of the Kamchatka subduction zone. In addition, the incipient subduction of Meiji Guyot is likely to increase stress of the Kamchatka subduction zone at the latitude of Kronotsky Peninsula.
The configuration and motion of the overriding "ewntinentai" plates is less certain (Figure 1 ). The North American plate most likely encompasses the Aleutian Arc, eastern Siberia, and possibly the Kamchatka Peninsula [Chapman and Solomon, 19761 (Figure 1) .
The transform boundary between the Pacific and North American plates along the far western Aleutian Arc is diffuse, extending northward from the Aleutian Trench across the width of the arc to at least the base of its back arc slope. Ekstrom and Engdahl [I9891 and G e h and Scholl[1992] showed that pan of the transcurrent component of relative plate motion is taken up in the overriding plate along the length of the Aleutian Arc. The distributed transcurrent motion is manifested in the central part of the arc by block relation. In the far western Aleutian Arc the distributed transcurrent motion is manifested by major, arcparallel shear zones nearly coincident with the Aleutian Trench and bordering both sides of the arc massif (Steller and Beringa fracture zones. Figure 2) . These fault zones are mapped using single channel seismic reflection data (see Seliversfov 11984, 19871, Scbfi er a t [19871, and Baranov et at. [I9911 for track line maps and seismic data). The fault zones are hundreds of kilometers long and truncate basinal reflections on seismic records, characteristic of strike-slip faults. Hypocenters of most of the shallow earthquakes are concentrated about Steller and Beringa fracture zones [Seliverstav, 19841 . Moreover, rightlateral, strike-slip motion is corroborated by abundant strike-slip focal mechanisms (Figure 3) [Newberry et a!., 19861. In particular, recent motion of the Beringa fracture zone and localized arc-parallel spreading in the Komandorsky back arc basin provide convincing evidence for westward transport of the Aleutian Are [Baranov eta/., 19911 . Other fracture zones 10 the north of Beringa fracture zone are associated with extinct NW-SE directed spreading ridges. A localized zone of active spreading, indicated from the single-channel seismic data, also occurs to the south of the Aleutian Arc massif (Steller Basin, Figure 2) (B. V. Baranov, personal communication, 1992) .
Geodynamics of the Collision
We use a diverse suite of existing geological and geophysical data to (1) confirm the collision of the Aleutian Arc with Kamchatka and (2) examine the style and extent of the associated deformation. These data include seismic refraction/reflection data and gravity data, onshore and offshore structural mapping, earthquake seismicity and focal mechanisms, and palenmagnetic studies. Marakhanov and Potap'ev [1981] indicate that the maximum crustal thickness of Kamchatka from deep seismic data is coincident with the Srediony (central) Range. Between the figure 2. Tectonic map of the Cape Kamchatka-Aleutian Arc region. Major onshore faults shown by thin solid lines are compiled from previous mapping by Markov el a/. [19691, Marchenku et al. [1976] , Shapiro [1980J, Shapim et al. [1984 , Bcirsuk ct at. [1985] , Zinkvich et aL. [1985] , Tsukamv and Zinkcvich [1987] , and Tsukanov and Fedorchuk [1989] . Triangles in direction of hanging wall are for established thrust faults. Offshore faults shown by dashed lines are compiled from seismic reflection studies [Krcisny el Selfverstov, 1984, 19871 , 1969; Marcheaka el at., 1976; Shapiro, 1980; Petrinu et al., 1983; Shapiro et al., 1984; Tsukanov and Xinkevich, 1987; Tsukanov and Fedorchitk, 19891 . The sequence Table 1 for source parameters and references.
Deep CrustalStudies
of thrusting appears to young to the east as a sequence of belt (Figure 2 Zinkevich, 19871 and left lateral to the south [Marchenko et al,, 1976; P&a et at., 1983; Shapiro el at., 1984; Tsukanov and Fedorckuk, 19891 . South of Cape Kamchatka and extending across Kronotsky Peninsula, thrust faulting parallels the Kamchatka margin [Shapiro and Seliverstov, 1975; Shapiro, 1980; Petrinu el al., 1983 (Figure 2 ) [Markov et a!. , 1969) . Most of the thrust and strike-slip faults on Cape Kamchatka are post-Miocene in age and are most likely related to the arc-continent collision. Offshore of Cape Kamchatka, fault orientations are generally either oblique to the Kamchatka margin or striking parallel to the NW-SE trending Aleutian shear zones (Figure 2) . Most of the faults offset the seafloor and presumably exhibit recent displacement [Seliversfov, 1984, 19871 [Markov el al., 1969; Zinkevich et 01.. 19851 seems to he aligned with the offshore faulting to the south and, with evidence of a reverse component in some of the focal mechanisms, also suggests contmctional deformation oblique to the subduction zone in the offshore region. Furthermore, near the Kamchatka Trench, single-channel seismic reflection data indicate that the oblique faults have a thrust component associated with the development of an accretionary wedge ( Figure 5 ). It is apparent therefore that both thrust and strike-slip displacements occur on offshore faults adjacent to the collision zone.
Seismicity
In the vicinity of a collision zone, earthquakes provide the best indicator of the present-day stress regime. A map of epicenters (magnitude 2 and greater) was compiled fmm the Soviet "SSR catalog available from the National Earthquake Information Center's global hypocenter database ( Figure 6 ). Epicenters displayed in Figure 6 are from 1965, after the hslallalion of the Kamchatka seismic station network in the early 1960s [Fedotov el al., 19901, through 1989 . Epicenters within the latitude range 54.0Â°N-58.00N longitude range 160QE-I 64.5'E and hypwentral depths from 0-50 km are included. A 30-s and 15-km radius difference restriction was used in an attempt to eliminate duplicate events.
Most of the earthquakes are concentrated in the offshore region south of Beringa fracture zone and east of an apparent aseismic front. From the data shown in Figure 6 and data from Tamlwnov [I9871 and Fedotov el at. [1988, 1990 ) the Kamchatka aseismic front is characterized by a sharp decrease in seismicity approximately 130 km inland from the trench. similar to the aseismic front described by Yoshii [I9751 and Honda 119851 for the Japan Arc. In Japan, Yoshii [I9751 and Hondn [I9851 also observe that trenchward of the aseismic front, the upper plane of the downgoing slah is characterizd by inierplate thrust-type earthquakes, whereas arcward of the aseismic front, the upper part of the slah is characterized by within-plate downdip compression. Below about 40 km the Wadati-Benioff zone becomes apparent for the Kamchatka subduction zone south of Cape Kamchatka. In map view the Wadati-Benioff zone between 50 and 200 km bends sharply (30Qconterclnckwise) north of Kronotsky Peninsula [Fedotov el a t , 1988, 19901 , correlating with the inland shift of the volcanic axis to the north. We speculate that the bend of the focal zone may be a result of buckling the downgoing Pacific plate at the arc-arc junction, Locally, concentrations of seismicity occur north of Cape Kamchatka near Pokaty Canyon and an unnamed canyon to the as. Landward of the offshore concentration of seismicity, the Kumroch thrust belt is associated with low-level earthquake activity. We interpret that only the frontal part of the collision zone or, conceptually, the contact between the Aleutian Arc and Kamchatka is seismically active. Conversely, deformation related to the collision landward of the contact zone is largely aseismic. Low-level earthquake activity is also coincident with the volcanic axis.
Focal Mechanisms
Analysis of focal mechanisms of moderate to large earthquakes provides additional information on the present-day stress regime of the region (Figure 3) . Tahle 1 is a catalog of previously published focal mechanisms from 1964-1992. Focal mechanisms of earthquakes from 1964-1977 were determined from body wave first arrivals [Cormier, 1975; Siauder and Muaichiii, 1976; &bin and Simbireva, 1977; Dewberry et ai., 19861. From 1977 . "best fit" fault plane solutions are from the Harvard centroid moment tensor (CMT) catalog (references for 1977-1991 solutions provided by Dziewonski et at. [1992] ). The CMT technique is described by Dziewonski et at. (1981) and Dziewonski and Woodhouse [19831. The location of earthquakes determined by the CMT technique (centroid coordinates) is different from the epicenters plotted in the seismicity map of Figure 6 ; the implications of the shifts in this region are discussed in detail by Zobin (19911. Also listed in Table 1 is the compensated linear vector dipole (CLVD) ratio (ficiv& which is a measure of the deviation from a "pure" double-couple source [FrohUch and Apperson, 19921 . For a pure double-couple source, = 0, and for a pure CLVD source, feivd = 0.5. Several earthquakes have .fctvfi > 0.30, indicating complex source dynamics. Moreover, &bin [1990bl illustrates that most of the nondouble-couple earthquakes along the Kamchatka subduction zone are concentrated at its terminus with the Aleutian Are and attributes their origin to curved fault planes.
Focal mechanisms determined for the earthquakes listed in Tahle 1 vary greatly in the region of the intersection between the Kamchatka and Aleutian Arcs (Table 1 and Figure 7 .) The focal mechanisms generally fall in the strike-slip and thrust fields, although there is a significant number of earthquakes that can be classified as "odd" [Frohlich and Apperson, 1992; Frohlich, 19921 . In addition, a contour slereonet plot of the P axes from all of the earthquakes ( the trench. The diversity of focal mechanisms and multiple trends of P axes indicate a complex stress regime that cannot be characterized by a single stress tensor. The complexity of the stress field is most likely due to the dynamics of the collision,
The best method of analyzing the seismogenic deformation of this region is to demarcate zones of similar deformation that can, in turn, be related to the kinematics of the collision. Five zones of similar deformation, along with their composite focal mechamsms, are defined in Figure 9 . The composite focal mechanisms were calculated by summing the moment tensors (readily available only for CMT solutions) within a given zone. The seismic consistency parameter Cc of Frohlich and Apperson [I9921 is a useful measure of the similarity among carthquafces within a specific region. As shown in Table 2 , the seismic consistency tor the whole region is low (0.68), but for separate, predefined regions of similar deformation the seismic consistency increases to approximately 1.0, as one would expect.
Zone 1 is a region of right-lateral shearing distributed across the width of the Aleutian Arc, it" the NW-SE trending nodal plane corresponding to the trend of major shear zones is interpreted as the fault plane, Altemativeiy, dewberry el al. [I9861 propose that left-lateral faulting parallel to the Kamchatka margin can explain these focal mechanisms, although there is no stmcnirai evidence of left-lateral transverse shearing of the far western Aleutian Are. Zone 2 is a region of combined strike-slip faulting and compressional deformation normal to the Kamchatka margin.
We interpret this zone as the seismogenic compression zone from the Aleutian Arc-Kamchatka collision. North of Cape Figure 3 ) and concentrations of seismicity coincident with offshore canyons (Figure 6 ). Zone 4 is a region of strike-slip faulting with right-lateral offset based on the correspondence between mapped faults and NW-SE trending nodal planes. There is some overlap between zones 2 and 4 just south of Cape Kamchatka. Relating these zones to the collision process, there is a significant component of compressional deformation directly cast of Cape Kamchatka that is surrounded by zones of strike-slip faulting. In our view, zone 1 indicates westward transport of the Aleutian Arc, whereas zone 2 represents the arc-continent contact, and flanking zones 3 and 4 are regions of strike-slip deformation adjacent to the collision zone. Zone 5, at the latitude of Kronotsky Peninsula, represents a region of reverse and thrust faulting of the overriding plate Uidked to the incipient subduction of Meiji Guyot (Figure 5) .
A similar type of deformation analysis has Zobin [1990a, c, 19911 along the Kamchatka subduction zone, although with significantly different results. Zones 2, 3, and 4 of Figure 9 are included in one zone by &bin [1990a, c, 19911 that is characterized by normal and strike-slip faulting. In addition, his zone that extends along the Aleutian Arc east of Cape Kamchatka is characterized by ourma1 faulting rather than strikeslip faulting as shown in Fignre 9. However, farther south along the subduction zone, Znbin's results are consistent with thrust and reverse faulting of the upper plate. Earlier studies [Zobin and Simbireva, 1977; Zobin, 19791 delimit zones that are similar in both exient and style of deformation to the zones shown in Figure   9 . Zobin [1990a, c1 and Zobin el 
Summary of Deformation Indicators
The previously described geological and geophysical mapping and earthquake studies all indicate that the Aleutian Arc is actively colliding with Kamchatka and that deformation related to the collision extends inland and to the north and south of the collision zone. As indicated by the composite focal mechanisms, the zone of active collision is directly east of Cape Kamchatka (Figure 9 ), although seismicity indicates that this zone may extend to the Ust-Kamchatka fault zune (Figure 6 ). This of Cape Kamchatka. Deformation associated with the Aleutian Arc-Kamchatka collision involves (1) uplift and crustal thickening coincident with the Kumoch Range, (2) curvilinear thrust faulting of the Kumroch Range generally concave toward the collision zone, and (3) complex offshore strike-slip faulting with a significant component of shortening oblique to the margin north and south of the collision zone.
Deformation Modeling
The observed deformation can be related to the dynamics of the arc-continent collision using recently developed continuum models. Although movement along individual faults can not be estimated by continuum modeling, the strain rate tensor and therefore the style of deformation can be determined. In addition, measures of finite strain (e.g., crustal thickening and finite rotation) derived from the modeling can be compared with available field data. We use the thin viscous sheet theory formulated by EnglandandMcHewie L1982.19831 and Vilotteet al. [I9821 to study the deformation associated with the arccontinent collision. Previously, this approach has been used extensively to analyze the dynamics of the India-Asia collision zone [Vilotte ef al., 1984 England and Houseman, 1986 , 1989 where 8 is the gravitational acceleration, L is the thickness of the lithosphere, un is the characteristic convergence velocity, and pÃ and pa, arc the cmst and mantle densities, respectively. B is a constant that includes the temperature dependence of rheniogy averaged throughout the lithosphere, which for a constant geothermal gradient is approximated by in this expression, A is the precxponentiai constant in the power law relation, Tin, is the Moho temperature, R is the gas constant, 0 is the activation energy, and y is the geothermal gradient 
Boundary Conditions
The boundary of the collision zone is interpreted to the western limit of seismicity in the western part of Cape Kamchatka ( Figure 6) . The boundary could be farther eastward Figure 9 . Zones of earthquakes with similar focal mechanisms, Composite focal mechanisms were calculated from moment tensor sum of CMT solutions (zone 3 has no CMT solutions). Single-line patterned areas represent zones of predominant strike-slip deformation; cross-lined areas, compressional deformation. Finer cross-lined area near southern Cape Kamchatka denotes overlap between zones 2 and 4. Source parameters and seismic consistency for each zone are given in Table 2. as defined by the "contact zone" in Figure 9 , although strike-slip deformation related to the westward transport of the Aleutian Arc probably extends through Cape Kamchatka. Inasmuch as there is uncertainty in the location of the collision zone boundary, it is even less clear as to how the boundary evolved during the collision. For modeling purposes we chose the simplest case of a stationary boundary coincident with the western edge of zone 2 shown in Figure 9 .
Boundary conditions are stated in terms of velocity rather than stress to model the collision of the Aleutian Arc with Kamchatka. Although temporally conslank velocity boundary conditions imply that the tectonic force must increase with increasing and opposing buoyancy forces [Wdowinski and, O'Cwnell, 1990J, velocity boundary conditions are better constrained by plate motions than are constant stress boundary conditions. Owing to slip partitioning of the Aleutian Arc [McCaffrey, 19921, the American plate motion is transmitted to westward motion of the arc massif. Also, it is likely that only part of this lranscilirent motion is applied at the collision zone, the resi being taken up by subduction beneath Kamchatka. Therefore rather than predefining the velocity of the Aleutian Arc ai the collision r,one, we adjusted the magnitude of the boundary velocity so that the predicted crustal thickening matched the crustal thickening determined by Pavlov and Yunov [19701. Two sets of houndary conditions are examined (1) zero velocity adjacent to the collision zone and (2) constant velocity south of the collision zone relating to horizontal compression along the Kamchatka subduction zone. It is unlikely that the boundary velocity abruptly increases at the edges of the Aleutian Arc. Therefore a sinusoid shape function is used for the boundary condition8 (similar lo the boundary conditions specified for ridge subduction by Geist et al. [1993] ) that represents decreased coupling along the flanks of the Aleinian Arc. Analytically, the houndary conditions are specified as follows:
where they axis is parallel to the Kamchatka suhdiiction zone, the x axis is parallel to the Aleutian transform boundary, w is the width of the Aleutian Arc, ue is the empirically derived velocity of the far western segment of the Aleutian Arc relative to Kamchatka, and up is the relative convergence of the Pacific plate toward Kamchatka. South of the collision zone for boundary condition (BC) set 2, a proportionality constant (a,,,, analogous to coupling) is used to account for the fact that not all of the PacificNorth America relative velocity is applied to the Kamchatka margin. The values for the parameters described above are given in Table 3 , except for ug and an, which are given in the figure caption for each model.
The duration of the model is 5 m.y. based on the approximate onset of collision of Cape Kamchatka. The onset of collision is estimated to be at the end of Miocene time based on movement along the Grechishkin thrust that placed Cretaceous rocks of the Kumroch Range over early to middle Miocene sedimentary deposits [Markov et ai., 1969; Shapiro, 1980; Tsukunov and Zinkevich, 19871 
Results
We first examine the two sets of boundary conditions to determine which best approxin~ates the fault trends of the Kumroch thrust k i t . For this test, n=3, corresponding to the experimentally derived value of n for most lower crustal and mantle rocks [Ashby and Verrall, 1977; Goeiie, 1978; Weenman, 1978; Brace and Kohhiedt, 1980 ; Karaio ei at., 19861, and A d , corresponding to the upper limit of optimal values of Ar determined by Hwsenwn and England [I9861 for the India-Asia collision. For the first set of boundary conditions (collision only) the maximum horizontal stress axes symmetrically radiate out from the collision zone (Figure 1 Oa). Note that the compressive stress axes are approximately perpendicular to the trend of the faults within the thrust zone to the north, but to the south the correspondence breaks down. The second set of boundary conditions (collision with subduction related compression to the south) results in maximum horizontal compressive stress axes approximately normal to the fault trends both north and south of the collision zone (Figure lob) .
Regions of different styles of faulting are also indicated in Figures lOa and lob by the two-letter mnemonic as described by Houseman ami England [I9861 and Bird (19891. The first letter denotes the primary style of faulting (N, normal; T, thrust; S, strike slip), with the second letter denoting the secondary style of faulting. For ex'dmple, NS represents normal faulting with a minor strike-slip component; IT represents thrust faulting parallel to boih horizontal principal stress axes. For both sets of boundary conditions the style of deformation includes primary &mi l e transition ^m depth at brittle-ductile 201nn: 15km; 10km' transition %st value refers to "cold" lithosphere; second to '"nomai" lithosphere; third to "hot" lithosphere. thrust faulting (TS) in front of the collision zone and primary strike-slip faulting (ST) to the north of the collision zone, Unlike the first set of boundary conditions, however, the region to the south of the collision zone for the second set of bouitdary conditions is characterized by thrust faulting parallel to both principal horizontal stress axes ('IT), owing to the combination of compression radiating from the collision zone and the imposed convergent boundary condition related to suhduction of the Pacific plate south of the collision zone. As shown previously by the focal mechanism studies (Figure 9 ), incipient subduction of Meiji Guyot and increased coupling from the large amount of sediment being subducted north of Meiji Guyot, is likely to locally increase compressive stress along the Kamchatka subduction zone. The second set of boundary conditions (a combination of collision and subduction zone coupling to the south) best matches the orientation of faults within the Kumroch thrust belt and thus will be used to further investigate the effects of varying n and Ar.
Finite strain indicators (crustal thickening and finite rotation) indicate that deformation is concentrated within approximately 100 km of the collision zone. Figures lOc and 10d are maps of cmstd thickness and finite rotation, respectively, for the second set of boundary conditions. As shown in Figure !0c , the collision produces locally thickened crust in front of the collision zone with the maximum crustal thickening located 40 km from the boundary. The finite rotation field (Figure lOd) is calculated by integrating half the vorticity over the duration of the model. This quantity represents the rotation of bodies with small dimensions relative to the deforming medium and is distinguished from the rotation of material vectors between two points within the medium by McKenzie and Jackson [1983] . The bipolar pattern of finite rotation signifies clockwise rotation north of the collision and counterclockwise rotation to the south, with a larger amount of rotation to the north corresponding to the radiating stress field. The predicted sense of finite rotation south of the collision zone (counterclockwise) is the same as that for the paleomagnetic analysis of Oligocene to Miocene rocks in this same region \Buzhenw el al., 19921, although the paleomagnetically measured rotation is much greater than that estimated by the models.
We now vary the effective power law exponent n to observe how the collision-induced deformation is affected. The effect of increasing n is to concentrate deformation in regions of highest stress, a phenomenon known as shear thinning [England and McKenzie, 19821 . The stress fields ( Figure 11 ) and crustal thickening maps (Figure 12 ) are calculated for values of n between 1 and 7. For n=l the principal compressive stress axes radiate about the collision zone, more so than for n-3 ( Figure   I I) . Also, the dominant style of faulting is strike slip with a minor thrusting component (ST) rather than primary thrust faulting (TS). As n increases, thrust faulting becomes more predominant. Crustal thickening becomes greater and more compressed near the collision zone with increasing n (Figure 12 ). In addition, crustal thinning adjacent north and south of the collision zone is evident for n=l, 3 bin not for higher n. There is little change in the finite rotation field with increasing n (not shown). Thus increasing n from 1 to 7 results in a change from diffuse deformation to deformation concentrated near !.he GE1ST AND SCIIOLL: THE ALEUTIAN ARC-KAMCHATKA COLLISION collision zone and from predominantly strike-slip faulting to thrust faulting.
Model results for n 2 3 are compatible with the trend of thrust faults throughout the Kumoch Range and the lateral extent of crustal thickening. For the case where n=l, stress magnitudes and orientations are inconsistent with the orientation of thrust faulting in the southern part of the Kumroch thrust belt. Moreover, thrust faulting is secondary to strike-slip faulting for n=l in the region of the thrust belt' This model also yields a zone of crustal thickening much larger in lateral extent than is predicted by the gravity data [Pavlov and Ymov. 1970;  Gnibidenko el a!., 19741. For models where n 2 3, the maximum horizontal compressive stress is consistently normal to the trend of the thrust faults and the predicted region of cmsld thickening is restricted to near the collision zone, consistent with the gravity modeling. Furthermore, as n increases to 5 and greater, crustal thickening is predicted south of the collision zone, as is also indicated by the gravity data. We interpret that southward extension of the zone of crustal thickening is linked to subduction-related compression. For n=3 the regions of crustal thinning adjacent lo the collision zone correlate spatially with Pokaty and Nerplch'ye Canyons. If these canyons are stmcturally controlled and formed in response to the collision, n i s constrained to a value of 3 because depressions in the crustal thickness do not form for n>3. However, this is a weak constraint at best. Thus, based on the lateral extent of crustal thickening and stress orientation and magnitude in the southern Kumroch thrust belt, the effective power law exponent can only he constrained to values of 3 m' greater.
In a similar manner we vary Ar and note the corresponding changes in deformation. Increasing Ar decreases the ability of the lithosphere to sitstdin crustal thickness contrasts. For the cdse of the Aleutian Arc-Kamchatka collision the radiating pattern of Endximum compressive stress axes becomes more evident as Ar increases from 0 to 100 (Figure 13 ). For A-0 the maximum compressive stress axes south of the collision zone are oriented normal to the boundary, whereas for Ar=IOO these stress axes are highly oblique to the boundary. Moreover, the zone of predominant strike-slip faulting tST7 north of Cape Kamchatka expands southward with increasing Ar. As expected, the magnitude of crustal thickening in front of the collision zone decreases with increasing Ar (Figure 14) . The finite rotation field does not change appreciably from what is shown in Figure lad . Thus values of Ar between 0 and 30 are similar and consistent with the orientation and extent of thrust faulting. ForAr> 30 the extent of dominant strike-slip faulting and the orientation of maximum compressive stress in the southern part of thrust belt are inconsistent with the observed style of deformation.
We are able to model the style and extent of deformation related to the arc-continent collision using thin viscous sheet theory. Values of ti and Ar are loosely constrained to n 2 3 and Ar 5 30. Whereas, for example, the extent of crustal thickening and style of faulting are well matched with the modeling, the magnitude of finite deformation (crustal thickening and finite rotation) may not be as well estimated. This is related to the fad that modeling finite deformation is dependent on the magnitude of the boundary velocity, condition and the duration of its application, both of which are poorly known. Therefore the observed style and extent of faulting, focal mechanisms, and extent (rather than magnitude) of crustal thickening are most useful in evaluating the deformation models.
Implications for Average Physical Properties of the Lithosphere
The results of the previous section can be interpreted in terms of the Argand number is written in terms of Fi, the vertically integrated strength of the lithosphere, rather than the rheological conslant B [Sander and England, 19861 Brace and Kohlstedl, 19801, where â is the average strain rate, Tan is the absolute temperature at the brittle-ductile transition, 7,. is the lower crustal geothermal gradient, R is the gas constant, and A c n,. and Qr are constants for the quartz flow law; and where TM is the absolute temperature at the moho, "{ is the mantle geothermal gradient, and Ay, np, and Qy are constants for the olivine flow law. Constants for the above expressions are given in Table 2 . We use typical values for Qy, Q A^, and An from Kirby and Kranenberg [19^71. By using a single value for n (i.e., n = + = n,,) over the thickness of the lithosphere, the relationship between n and Arcan be examined (Figure 15 ). For most lower crustal and mantle rocks, the value of n ranges between 2 and 5 [Kirby. 1983; Kirby and Kronenberg, 19871 , whereas higher values of n reflect the dominance of lowtemperature, high-stress plasticity in the upper mantle [Ashby and Vsrall, 1977; Tsenn and Carter. 19871 and friction on faults in the upper crust [Sender and E n s l a d 19861. Three cases are considered based on different possible thermal structures for the lithosphere, labeled "cold," "normal," and "hot" lithosphere in Figure 15 . If we fix the temperature at the brittle-ductile transition to 300Â° [Sibson, 19841 , QD can be determined from the thermal structure derived by Smirnev and Sugrobov [I9801 
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Effective Power Law Exponent (n) Figure 15 . Effective power law exponent n versus the Argand number Arfor three thermal and strength prufiles applicable to the Kamchatka subduction zone [Smirnov and Sugrobav, 1980 Table 3 . Optimal ranges of n and Ar from modeling results are indicated by dashed lines.
and Sugrobov and Yanovsky [1993] , Likewise, Tfci is determined from the combination of the thermal structure and the crustal structure of Mnrakhanov and Potnp'ev [1981] . The stress difference at the brittle-ductile transition is approximated using curves published by Sihson [19841. Regions where >FM and where FM >Fl;= are also shown in Figure 15 .
As expected, Ar is higher for lithosphere with an elevated thermal structure corresponding to lower vertically integrated strength. As n increases, the curves approach a constant value of Ar, representing the dominance of the Fur term. For very high n (>1000, not shown), fir increasi y contributes to fi, whereas for lower values of n. Fir is insignificant in its contribution to F; [Sander and England, 19861 .
Optimal values of n23 and Ad30 from deformation modeling correlate with the normal or cold lithosphere in Figure 15 . From the Kamchatka thermal data [Smimov andSugrobov, 1980 Sugrobov and Yanovsky. 19931 the normal and cold lithosphere corresponds to the thermal structure of the forearc and trench, while the hot lithosphere corresponds to the arc or hack arc (Sea of Okhotsk) thermal structure. The cold lithosphere also corresponds to the thermal structure of the Kamchatka margin north of Cape Kamchatka as determined by Kepezhinskus [1993].
Thus we can roughly discriminate between primary differences in the thermal structure of the arc lithosphere, although we are unable to identify whether the upper crust or the mantle is the strength-controlhng layer (Figure 15 ). Most likely, both the mantle and upper crust sigaificantly contribute to the strength of the lithosphere. Interestingly, although there does not seem to exist an expression relating the contribution of the strength of the upper crust to the effective power law exponent, Sander ami England [I9861 note that even when the smngth of the upper crust and mantle are comparable, a power law relationship is retained. This supports the use of a single power law exponent applicable to the whole lithosphere even though each layer has a different rheology [Sander andEngland, 19861 .
Conclusions
Distributed strike-slip motion across the westernmost or Komandorsky segment of the Aleutian Arc results in the collision of arc rocks with the Kamchatka Peninsula. The collision is manifested onshore by a zone of thrust faulting and intense compressional deformation, concave about Cape Kamchatka. The seismogenic contact zone hetwwn the Aleutian Arc and Kamchatka seems to be located just offshore of Cape Kamchatka, Active strike-slip and thrust faulting is present offshore, north and south of &pe Kamchatka, as revealed by seismic reflection data and focal mechanisms. Thin viscous sheet modeling indicates that the trend of faults within the Kumroch thrust belt is related to compression from both the collision zone and from sediment-induced coupling of the subducting Pacific plate to the south. The modeling also indicates that strike-slip faulting north of the collision zone is related to the collision. 
